C. elegans SIR-2.1, a member of the Sir-2 family of NAD + -dependent protein deacetylases, has been shown to regulate nematode aging via the insulin/IGF pathway transcription factor daf-16. Treatment of C. elegans with the small molecule resveratrol, however, extends life span in a manner fully dependent upon sir-2.1, but independent of daf-16. Microarray analysis of worms treated with resveratrol demonstrates the transcriptional induction of a family of genes encoding prion-like glutamine/asparagine-rich proteins involved in endoplasmic reticulum (ER) stress response to unfolded proteins. RNA interference of abu-11, a member of this ER stress gene family, abolishes resveratrolmediated life span extension, and overexpression of abu-11 extends the life span of transgenic animals. Furthermore, SIR-2.1 normally represses transcription of abu-11 and other ER stress gene family members, indicating that resveratrol extends life span by inhibiting sir-2.1-mediated repression of ER stress genes. Our findings demonstrate that abu-11 and other members of its ER stress gene family are positive determinants of C. elegans life span.
In this study, we examine the mechanism of life span extension conferred by resveratrol in C. elegans. We find that life span extension by this compound is dependent upon sir-2.1, yet is independent of daf-16, identifying a longevity pathway that is mediated by sir-2.1 but is independent of the insulin/IGF pathway. Genome-wide microarrays demonstrate that resveratrol upregulates a family of stress response genes encoding prion-like glutamine/asparagine-rich proteins that are thought to aid protein folding in the endoplasmic reticulum (ER) (Urano et al., 2002) . At least one of these ER stress genes, abu-11, is necessary and sufficient for the longevity conferred by resveratrol. Expression of abu- C. elegans life span assays were performed on NGM + DMSO + FUdR plates containing resveratrol at the specified concentrations. Mean day of life span (m), maximum day of life span (M), number of animals (n), log-rank observed significance levels (p), and percentage difference in mean relative to no resveratrol control are reported for each assay. All life spans were repeated and showed similar effects. Ns, not significant.
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, as well as several other members of this gene family, is repressed by sir-2.1. This implies that resveratrol inhibits SIR-2.1 action on these genes, challenging earlier reports that resveratrol is an activator of Sir2 catalytic activity. Our findings identify these ER stress proteins as possible determinants of organismal life span, and they show that their activation is the likely mechanism by which resveratrol extends life span in C. elegans.
Results

Life Span Extension in C. elegans by Resveratrol
Requires sir-2.1, but Not daf-16 Resveratrol extended C. elegans life span in a dosagedependent manner, increasing both the mean and maximum life span of wild-type worms ( Figure 1A) . A nearly 18% increase in mean life span was obtained with 1 mM resveratrol. We next determined whether sir-2.1 was required for life span extension by resveratrol, as it is in yeast and Drosophila (Wood et al., 2004) . Two independent sir-2.1 mutant strains were assayed for life span in the presence of varying concentrations of resveratrol. While wild-type worms demonstrated a significant increase in life span in the presence of 1 mM resveratrol ( Figure 1A ), neither sir-2.1 mutant strain showed a significant change in life span at any of the concentrations of resveratrol tested ( Figures 1B and  1C) , demonstrating that the effect of resveratrol on worm life span is completely dependent on sir-2.1.
The life span extension by a sir-2.1 transgene is fully dependent upon the insulin/IGF pathway and its forkhead transcription factor, daf-16 (Tissenbaum and Guarente, 2001). Given that life span extension by resveratrol is dependent upon sir-2.1, we postulated that resveratrol worked by phenocopying the mechanism of life span extension in sir-2.1 transgenic animals. We tested this idea by determining whether life span extension by resveratrol was dependent upon daf-16. Surprisingly, when daf-16 mutant animals were assayed for life span on media containing resveratrol, a robust increase in life span was noted in a dosage-dependent manner ( Figure 1D ). At the highest concentration, daf-16 worms lived an average of 28.4% longer than nontreated worms. These results demonstrate that the mechanism of life span extension by resveratrol differs from that of sir-2.1 overexpression, thus identifying a separate pathway of life span regulation, which is dependent upon sir-2.1 but independent of daf-16.
In order to determine whether resveratrol-induced life span extension in daf-16 worms is dependent on sir-2.1, as it is in wild-type worms, we tested whether resveratrol could extend the life span of sir-2.1; daf-16 double mutants. As shown in Figure 2A, We also examined the effect of resveratrol on sir-2.1 transgenic strains. As shown in Figure 2B , sir-2.1 transgenic animals carrying an integrated low-copy array have a robustly extended life span. Moreover, resveratrol treatment of these already long-lived animals further increases the mean life span by 39%, extending the maximum age to nearly 2 months. Life span extension was also seen in resveratrol-treated daf-16 and wild-type animals, as expected. In the absence of resveratrol, loss of daf-16 abolished the life span extension of low-copy sir-2.1 overexpression, reducing the life span to the level of the daf-16 mutant ( Figure 2B ). In the presence of resveratrol, however, the daf-16 mutant carrying the sir-2.1 transgene lived an average of 37% longer. The life span effect of resveratrol is additive with that due to overexpression of sir-2.1, consistent with the idea that resveratrol and overexpression of sir-2.1 extend life span by distinct pathways.
Genome-Wide Transcriptional Profiling of Resveratrol-Treated C. elegans
To identify genetic components that may contribute to resveratrol-mediated life span extension, we carried out genome-wide microarray analysis, comparing the transcriptional profiles of worms grown in the presence and absence of resveratrol. Since resveratrol treatment resulted in life span extension in both wild-type and daf-16 mutant worms, microarray analysis was performed with both strains independently. Microarray data were analyzed for genes that were regulated by resveratrol (p < 0.01) in either wild-type or daf-16 strains (Table S1; Strikingly, a novel family of genes comprising pqn (prion-like Q/N proteins) and abu (activated in blocked unfolded protein response, see below) genes was also induced by treatment with resveratrol (Table 1) . PQN and ABU proteins are members of a prion-like glutamine/asparagine-rich protein family. Many of the abu/ pqn genes listed in Table 1 
pqn-7/ 2.14 ± 0.50 ns −1.12 ± 0.26 + 9 + − 2 9 abu-7 C03A7.14 pqn-4/ 2.14 ± 0.47 ns −1.12 ± 0.37 (Table 1) . ABU1-9 contain putative transmembrane domains and short cytoplasmic tails, while ABU-10 and ABU-11 appear to be luminal. Three other genes found to be induced by resveratrol, M02G9.2, F07H5.8, and T22B2.6, are not classified as pqn or abu genes, but they are included in Table 1 because of similarities of their domain architecture to pqn genes. F07H5.8 and T22B2.6 are also coregulated with pqn genes in mountain 29.
As a validation of the microarray results, RT-PCR analysis was performed on total RNA isolated from wild-type and daf-16 worms grown in the presence or absence of resveratrol. cyp-13A6 transcript is upregulated by resveratrol, as demonstrated by the fact that its PCR product was generated at higher dilutions of cDNA from resveratrol-treated worms compared to untreated in both wild-type ( Figure 3A To test more definitively whether resveratrol induced abu-11 RNA, Northern analysis was performed on total RNA isolated from two independent sets of samples of wild-type ( Figure 3C ) and daf-16 ( Figure 3D ) worms grown in the presence or absence of resveratrol. In these blots probed with abu-11-specific probes, transcripts were 3-to 4-fold higher in total RNA isolated from resveratrol-treated wild-type ( Figure 3C ) and daf-16 ( Figure 3D ) worms relative to control, untreated samples. Total RNA samples for Northern analysis were verified for equal loading by hybridization to act-1 (actin) probe ( Figure 3C ) and visualization of 28s and 18s rRNA by ethidium bromide staining ( Figure 3D ).
Life Span Extension by Resveratrol Treatment Is Dependent upon the ER Stress Gene abu-11
We hypothesized that the pqn/abu family of genes induced by resveratrol and by ER stress could be mediators of life span extension by resveratrol. Seven ER stress genes, pqn-76, pqn-78, abu-2, pqn-91, abu-5, abu-11, and pqn-54, upregulated in both wild-type and (Figure 4C) shortened life span in the absence of resveratrol, they still allowed for significant (p < 0.0001) life span extension by resveratrol. RNAi of abu-11, however, completely abolished resveratrol-mediated life span extension in both wild-type ( Figure S2A ) and daf-16 ( Figure 4D; Figure S2B ) worms, while it shortened the life span in the absence of the compound. RNAi of abu-2 ( Figure 4E ) and abu-5 ( Figure 4F) showed no effect on the life span of untreated worms, but abu-5 RNAi partially blunted the extension by resveratrol. These findings show that abu-11, and to a lesser extent abu-5, are necessary for resveratrol to extend life span.
C. elegans sir-2.1 Regulates Expression of ER Stress Genes
Since resveratrol has been reported to be a Sir2 activator, we hypothesized that SIR-2.1 might be a positive transcriptional regulator of ER stress genes and is activated by resveratrol. By such a model, we expected to observe reduced transcription of these genes in sir-2.1 mutants. Total RNA isolated from wild-type and sir-2.1 mutant worms was analyzed by Northern analysis probing for abu-11 transcript. Surprisingly, in sir-2.1(ok434) mutants, abu-11 transcription was 15-to 20-fold higher relative to wild-type worms ( Figure 5A ), indicating that SIR-2.1 is a repressor of this gene. A similar increase was evident in the pk1460::Tc1 insertion mutant of sir-2.1 (data not shown). Furthermore, the elevated level of abu-11 transcript in the sir-2.1 mutant background remained unchanged with resveratrol treatment ( Figure  5A ). Northern probes were also designed to examine the transcript levels of other ER stress-related genes induced by resveratrol in the microarray. Similar to induction of abu-11, transcripts for abu-7/8 and pqn-5/6 were highly induced in sir-2.1 mutant worms ( Figure  5B ). Transcripts for pqn-76/77/78/79 ( Figure 5C ) and abu-2 ( Figure 5D ) were also found to be elevated (ca. 2-fold) in the sir-2.1 mutant background.
Although these data suggested that SIR-2.1 is a repressor of the pqn genes, it seemed possible that the mutant showed induction because of some secondary effect, for example, elevated endogenous stress in the ER. To test in a different way whether SIR-2.1 was a repressor of the pqn genes, we assessed whether overexpression would reduce transcript levels below those in a wild-type control. Microarray analysis of gene expression in the sir-2.1 low-copy transgenic strain NL3909 relative to its control NL3908 (Table S1 ) indeed confirmed that the majority of pqn/abu genes induced by resveratrol are repressed below control levels by overexpression of SIR-2.1 (Table 1) .
C. elegans abu-11 Modulates Life Span
If resveratrol extends life span by upregulating ER stress proteins, then increased expression of one or more of these proteins by transgenes per se may trigger a longer life span. To test this idea, we created transgenic animals containing multicopy abu-11 ex- trachromasomal arrays to overexpress ABU-11. Wildtype worms were coinjected with plasmid pABU11 containing abu-11 under its endogenous promoter, and pRF4 containing the dominant transformation marker rol-6 (su1006). Six independently derived lines of worms that stably transmitted their arrays were isolated. Lines with the rol-6 marker alone were used as control. abu-11 transgenic animals were assayed for life span along with rol-6 control worms ( Figure 5E ). All six lines of abu-11 transgenic animals demonstrated significant extension of life span relative to rol-6(geEx106) control; mean life span extension ranged from 9% to 28%. Transgenic roller worms from each of the transformed lines showed an increased expression of abu-11 transcript relative to control worms as determined by Northern analysis ( Figure 5F ). Moreover, a good correlation between the level of abu-11 expression and life span extension was observed; lines geEx109-111 with high levels of abu-11 expression displayed longer life spans than the more moderately expressing lines geEx102-104.
Discussion
In this study, we have analyzed the role of resveratrol in extending the life span of C. elegans and demonstrated Our findings contrast with the recent report that resveratrol reduced poly-glutamine cytotoxicity in C. elegans in a manner dependent on both sir-2.1 and daf-16 (Parker et al., 2005) . The poly-glutamine-related toxicity noted in this study likely occurs in the nucleus and cytoplasm, and it implicates a sir-2.1 activity that functions through the insulin/IGF pathway. It is interesting to note that the longevity induced by resveratrol may not relate to damage control in the nucleus or cytoplasm, but rather to stress response in the ER. (Urano et al., 2002) . Moreover, RNAi of abu-1 substantially decreases the survival of xbp-1 mutant worms when treated with cadmium, an ER stressor (Urano et al., 2002) . The synthetic effect of inactivating abu-1 and xbp-1 suggests that the abu genes and the genes controlled by xbp-1 are in parallel pathways regulating ER stress. These two pathways apparently interact, because abu-1 RNAi also induces BiP expression, and this induction requires xbp-1 (Urano et al.,  2002) .
Resveratrol Induces a Longevity Pathway Involving Putative ER Stress Proteins
Regulation of pqn/abu Genes by sir-2.1 and Resveratrol Is the induction of pqn genes the mechanism by which resveratrol extends life span in C. elegans? RNAi of abu-5 partially reduced resveratrol-mediated life span extension, and RNAi of abu-11 fully abolished this effect in both wild-type and daf-16 mutant backgrounds ( Figure 4D and Figure S2) . Moreover, overexpression of abu-11 in transgenic worms extended their life span in a dosage-dependent manner ( Figure 5E ). These findings indicate that induction of ABU proteins is an essential part of the mechanism by which life span is extended by resveratrol. In agreement with the microarray data, abu-11 is transcriptionally induced after resveratrol treatment, as determined by Northern and RT-PCR analyses (Figure 3) . Our findings suggest that ER stress during aging may limit nematode life span and that ER stress genes are longevity determinants in C. elegans.
Given that resveratrol has been reported to activate Sir2 deacetylases and loss of sir-2.1 or abu-11 each abolished the effect of resveratrol on life span, we first reasoned that SIR-2.1 must be a positive regulator of the abu genes. We were surprised to find that, in fact, the opposite is the case: expression of abu-11 and several other pqn/abu family members is actually much higher in sir-2.1 mutant animals. These findings suggested that SIR-2.1 is a repressor of pqn genes. Moreover, the fact that worms overexpressing sir-2.1 repress basal expression of many pqn/abu genes further demonstrates that sir-2.1 is a transcriptional repressor of this gene family.
It seems curious that sir-2.1 mutants that have high levels of pqn gene expression actually display a short life span. One possible explanation is that sir-2.1 has at least one other function, in addition to regulating the insulin/IGF pathway and pqn genes, that is required for long life. Alternatively, highly elevated expression of multiple pqn family genes, caused by loss of sir-2.1 function, may be detrimental to life span. If this were the case, then setting optimum levels of expression of these genes may be critical to having beneficial effects on life span.
How Does Resveratrol Induce pqn/abu Genes?
Given that SIR-2.1 is a repressor of pqn/abu genes, the induction of these genes by resveratrol is surprising, because this compound has been reported to increase the catalytic activity of Sir2 proteins (Howitz et al.,  2003) . Resveratrol instead appears to inhibit SIR-2.1 activity with respect to pqn/abu gene regulation. It may appear that resveratrol indirectly induces the ER stress genes, for example, by creating a higher level of cellular stress. However, the genes induced by resveratrol do not evince a broad induction of stress response genes. A Venn diagram comparing genes induced by resveratrol to those induced by heat shock, oxidative stress, or ethanol stress treatments illustrates the complete lack of overlap between resveratrol-induced genes and genes induced by these other cellular stressors ( Figure  6A) . Also, resveratrol does not appear to generate broad stress in the ER, since it does not induce canonical UPR pathway genes such as xbp-1, hsp-4, sel-1, and pdi-1 (Table S1) 
Life Spans
All life span assays were performed at 20°C, starting with L4-stage to young adult-stage worms. Animals were monitored every other day, and death was scored by failure to move after being prodded with a platinum wire. To obviate the need for censor, animals that either crawled off the plate or that died from vulval bursting were replaced by age-matched worms from spare plates. Worm replacement never exceeded 5% of the total number in any life span. Logrank test for comparison of survival curves was performed with Graphpad Prism v4.0a. p values < 0.05 indicate statistically significant differences between tested populations. Unless otherwise stated, life span assays were repeated at least once and showed similar trends in relative life span effect; representative KaplanMeier survival curves are shown in the figures.
Microarray, Northern Analysis, RT-PCR
Four independent cultures of each strain to be analyzed by microarray were grown to produce gravid adults. Eggs were isolated by alkaline hypochlorite treatment (Emmons et al., 1979) and were allowed to hatch without food, accumulating as growth-arrested L1 larvae. Synchronized worms were then grown on modified NGM media in the presence or absence of resveratrol at 20°C until the young adult stage. Worms were harvested, frozen, and ground in a mortar before extraction of total RNA by using TRIzol reagent (Invitrogen). Poly(A) + RNA used for cDNA synthesis was purified from total RNA by using the Oligotex mRNA kit (Qiagen; Valencia, CA). Five micrograms of poly(A) + RNA was used for cDNA synthesis. cDNA synthesis, genome-wide microarray hybridization, and scanning were performed as previously described (Jiang et al.,  2001 ). cDNA from control and experimental worms were labeled with Cy3-UTP and Cy5-UTP, respectively. The arrays were computer normalized by the default procedure in the Stanford Microarray Database (http://genome-www.stanford.edu/microarray). Normalized Cy5/Cy3 intensities and mean log 2 Cy5/Cy3 for each gene in each set of experiments were calculated as described in Jiang et al. (2001) . Student t distribution tests were applied independently to data sets of mean log 2 Cy5/Cy3 values to determine the probability that differences in the hybridization intensity signals between control and experimental animals were due to chance alone. A listing of differentially regulated genes from the microarray hybridizations can be found in Table S1 .
Total RNA for Northern analysis was extracted from young adult worms by using TRIzol reagent. Northern analysis of abu-11 transgenic worms utilized total RNA isolated from hand-picked adult roller worms of each line tested. Northern gels and transfer to Nylon membranes was performed by using the Ambion NorthernMax kit. Membranes containing transferred RNA were UV crosslinked and probed overnight at 42°C. Membranes were washed with 0.2× SSC (30 mM NaCl, 3 mM Na + Citrate [pH 7.0]) + 0.1% SDS solution three times for 20 min at 42°C and exposed to film. Radioincorporated probes were prepared with the Prime-It II (Stratagene) random priming kit. Gel-purified templates for random priming were synthesized by PCR utilizing primers listed in Table S2 .
For RT-PCR, equal amounts of RNA (5 g) for each sample tested were added to 1× reaction buffer, oligo-dT, and SuperScriptII reverse transcriptase (Invitrogen) to generate a cDNA template for PCR as per manufacturer's directions. Primers used for RT-PCR are listed in Table S2 . cDNA samples were serially diluted stepwise four times in 10-fold increments, and each was used for 30 cycles of Taq PCR amplification (92°C 20 s, 55°C 20 s, 72°C 1 min). Equal amounts of each reaction were then analyzed on 1.5% agarose gels stained with ethidium bromide.
Supplemental Data
Supplemental Data including microarray data files, primer sequences, and protein sequence alignments are available at http:// www.developmentalcell.com/cgi/content/full/9/5/605/DC1/.
